Crystal surfaces are sensitive to the surrounding environment, where atoms left with broken bonds reconstruct to minimize surface energy. In many cases, the surface can exhibit chemical properties unique from the bulk. These differences are important as they control reactions 1 and mediate thin film growth. 2,3 This is particularly true for complex oxides where certain terminating crystal planes are polar and have a net dipole moment. For polar terminations, reconstruction of atoms on the surface is the central mechanism to avoid the so called "polar catastrophe ". 4 This adds to the complexity of the reconstruction where charge polarization and stoichiometry govern the final surface in addition to standard thermodynamic parameters such as temperature and partial pressure. Therefore, in-situ atomic scale observations at the environmental conditions where these surfaces occur are essential to understand governing reconstruction mechanisms. Here we present direct, in-situ determination of polar SrTiO 3 (110) surfaces at temperatures up to 900
FIG. 1.
left HAADF-STEM images of reconstructed SrTiO 3 (110) surfaces at the indicated temperatures. Both single-layer and double layer reconstruction are formed in-situ at 900 • C.
When cooled to 800 • C, defects appear within the double layer that repeat every 5 Sr-Sr along [110] . Atoms protrude from the surface, as highlighted by arrows in the corresponding inset right.
These protruding atoms are lost from the surface at 300 • C.
spectroscopy is used to measure the position of the atoms, including cations and oxygen at and just below the surface, as a function of temperature. The surface and near surface composition and electronic structure of the reconstruction are also obtained with electron spectroscopy. Misfit between the reconstructed surface layers and the SrTiO 3 substrate buried beneath are directly revealed. Information from the experimental framework is used to design an initial model of the surface reconstructions. Atomic positions from the initial models are relaxed using density functional theory (DFT). The relaxed positions are then used to simulate STEM images for direct comparison to experiment. Analysis of this data set reveals structural and chemical details of the complex (110) surface reconstruction, determined directly as a function of temperature and time.
Essential for direct observation of the reconstructed surfaces, thin single crystal specimens are cleanly mounted onto in-situ heating devices as detailed in Methods and schematically outlined in Supplementary Figure S1 . Upon heating the bulk SrTiO 3 specimen to 900
• C in the electron microscope, (110) surfaces are found to reconstruct to either the 4 × 1 single layer 13 or a double layer reconstruction (Figure 1) . We denote the reconstruction by n × m Wood's notation, 15 where n is the repeat unit along [001], m and is repeat along [110] . After prolonged heating, the double layer reconstruction transforms to the 4×1, see Supplementary Figure S3 . Furthermore, we also observe that the 4×1 reconstruction can transition directly from 1 × 1, as shown Supplementary Figure S3 .
Recent work by Wang et al. has identified the existence of a such a double layer reconstruction in SrTiO 3 11 in ex-situ annealed samples through a combination of STM, DFT, and electron diffraction. As STM provides real space information about the charge density at the outer layer of the reconstruction, electron diffraction was needed to infer the atom positions, particularly for the second layer. In contrast, the cross-sectional STEM imaging approach used here provides a route to simultaneously investigate the structure and chemistry of the (110) SrTiO 3 surface, and near surface structure, in relation to the bulk.
At 900
• C, the double layer structure repeats every 4.5-5.5 SrTiO 3 unit cells along [110] direction, as evidenced by intensity variations of the images shown in Figure 1 and Supplementary Figure S4 . We note that at this temperature, the repeat units of the reconstruction move dynamically across the surface, as presented in the Supplementary Video 1. When the sample is cooled to 800 • C, the double layer surface reconstruction becomes kinetically stabilized. Furthermore, periodic structures reminiscent of misfit dislocations occur every 5
SrTiO 3 unit cells.
To quantify the mismatch between the reconstruction and the substrate, in-situ crosssectional STEM provides direct measurement of lateral distance between atoms of the double layer and substrate. The relevant distances are shown schematically in (Figure 2c ). When the sample is initially cooled from 900 • C to 800
• C, the mismatch between the substrate and the outer layer ((c 0 − a 0 )/c 0 ), increases from 8.4 to 9.6%. Cooling from 800
• C to 300
• C, the c 0 mismatch with substrate decreases to 6.6%. Mismatch for the interfacial layer, b 0 , is comparatively smaller as it is constrained by the SrTiO 3 substrate.
A coincident-site-lattice model suggests that dislocations should form with a repeat distance of about 5 SrTiO 3 unit cells at 800
• C, in excellent agreement with the periodic defects in Figure 1 . It should be noted that while the repeated structures are not truly dislocation cores as they are only half formed, for convenience, we will refer to them as dislocation nuclei. Quantification of the spacings near the apparent dislocation nuclei, b 1 , finds that they are 10-23% larger than b 0 whereas the neighboring atom column spacing, b 2 , is about 5-15% larger than b 0 . These measurements indicate significant relaxation surrounding the dislocation nuclei. The driving force for the temperature dependent structural change is, thus, due to strain from thermal mismatch. The repeat structure remains every 5 SrTiO 3 unit cells, indicating that it has been "frozen in" at low temperatures.
As the double layer reconstruction periodicity stabilizes, we also find additional features of the atomic structure evolution as a function of temperature. At 800
• C atoms begin to protrude from the surface, as marked by arrows in Figure 1 and highlighted in the corresponding inset. Initially, atoms are displaced by ∼90 pm from the topmost surface layer, see Figure 2a . As the sample temperature is reduced to 600
• C, the protruding atoms move further from the surface to ∼140 pm. At 300
• C, however, the atoms are readily displaced under the electron probe and can no longer be observed.
A unique aspect of in-situ cross-sectional STEM is that it provides a route to directly measure the chemistry of both reconstruction layers at the atomic scale. Figure 3a shows the distribution of Ti and Sr in the reconstructed double layer at 900
• C and 700
the Ti L 3,2 edge indicates the surface reconstruction is Ti dominated, which is consistent with prior reports. 13, 15 Second, the Ti distribution is found to be non-uniform in the double layer, varying with the periodic structure seen in HAADF-STEM. In particular, the Ti appears weakest at the dislocation cores, suggesting Ti deficiency at these locations. Further, combining the energy loss fine structure of Ti and O (Figure 3c ), shows that while Ti is +4
in the substrate Ti +3 is found in the double layer. 22 Atomic resolution EELS along [110] direction also confirms the existence of Ti +3 in the double layer (Supplementary Figure S5) .
The formation of Ti +3 aids in reducing the excess charge of the (110) surface.
13
In contrast to Ti, Sr is detected within the areas of the misfit dislocation cores at 900
At 800
• C and below, the signal from Sr becomes localized at the atoms protruding from the top surface. Because HAADF-STEM is sensitive to the type and number of atoms present in an atom column, the Sr concentration can be estimated from the image intensity. Using the Sr/Ti intensity ratio from the substrate as a reference, the occupancy of Sr on the top surface is estimated to be only about half of the occupancy of Ti in the neighboring columns. The accommodation of lattice mismatch in the double layer also influences the oxygen anions. Using ABF-STEM, the location of oxygen atoms in the double layer structure are also determined at temperatures up to 850
• C (Figure 4 and Supplementary Figure S6) . At each temperature, we find a reconstructed surface terminated by oxygen. Based on these Here we have demonstrated that STEM is capable of measuring both the reconstructed surface and near-surface structure of large scale single crystals directly in real-space for the first time. Applied to (110) SrTiO 3 , a variety of environmental conditions can be employed to observe the time evolution of the structure. Furthermore, coupling the approach to EELS provides a unique ability to probe the evolution of the atomic structure while at the same time assessing changes in chemistry and surface oxidation states. For the first time, in-situ atomic scale imaging of single crystals can provide a route to directly explore reconstructed surfaces, serving as a direct input to first principles calculations to determine the origins of stable surface reconstructions. In-situ heating and characterization.
In-situ observations were performed using a probe-corrected FEI Titan G2 microscope Image analysis was performed using custom MATLAB scripts with the Image Processing Toolbox. The atom column positions in the HAADF-STEM images were measured by finding the normalized cross-correlation with a 2D Gaussian template. 24 Intensity line profiles were extracted from the unprocessed, original image with an integration width of about 0.1 nm. Simulations for the HAADF and ABF-STEM images were conducted using the multislice algorithm. Crystal and probe wavefuntions were sampled at a minimum of 2.3 pm/pix, and probe positions were chosen to satisfy the Nyquist sampling theorem.
Simulated images were resampled with Fourier interpolation and then blurred with 0.1 nm full-width at half-maximum Gaussian to account for the effects of a finite effective size of the electron source. 25 Where indicated, the simulated model was either derived directly from the experimental observations or from Ref. 11.
First principles calculations
Relaxation of predicted surface structures were performed in VASP using the projectoraugmented-wave (PAW) method 26 with a plane-wave cutoff of 520 eV in the PBE-GGA scheme. 27 The PAW potentials contained 10, 12, and 6 valence electrons for Sr (4s 2 4p 6 5s 2 ), Ti (3s 2 3p 6 4s 2 3d 2 ), and O (2s 2 2p 4 ) respectively. Spin polarization was accounted for in all calculations. Ions not fixed in the initial structures detailed below were allowed to relax until all forces were less than 0.01 eV/Å. Under this set of parameters, the lattice parameter of bulk SrTiO 3 was calculated as 3.942Å which is in agreement with the experimental value of 3.905Å at room temperature. A 5 × 5 × 5 and 5 × 1 × 1 k-point mesh was used for the bulk primitive cell and 2 × 5 cell, respectively.
A slab model for the double layer reconstruction was derived from in-situ images of the surface profiles in Fig. 1 . In addition to the reconstructed surface, the model included 3 SrTiO 4+ and 4 O 4− 2 layers of which 1 and 2 layers respectively were fixed at the geometry calculated for the bulk. 10Å of vacuum separated opposite sides of the slab model. Upon reaching the specified convergence criteria, the relaxed structures were used to generate simulated HAADF and ABF-STEM images to evaluate agreement with the in-situ images. [4] Noguera, C. Polar oxide surfaces. J. Phys. Condens. Matter 12, R367-R410 (2000).
